We report on the development and validation of a simple microarray method for the direct detection of intact 16S rRNA from unpurified soil extracts. Total RNAs from Geobacter chapellei and Desulfovibrio desulfuricans were hybridized to an oligonucleotide array consisting of universal and species-specific 16S rRNA probes. PCRamplified products from Geobacter and Desulfovibrio were easily and specifically detected under a range of hybridization times, temperatures, and buffers. However, reproducible, specific hybridization and detection of intact rRNA could be accomplished only by using a chaperone-detector probe strategy. With this knowledge, assay conditions were developed for rRNA detection using a 2-h hybridization time at room temperature. Hybridization specificity and signal intensity were enhanced using fragmented RNA. Formamide was required in the hybridization buffer in order to achieve species-specific detection of intact rRNA. With the chaperone detection strategy, we were able to specifically hybridize and detect G. chapellei 16S rRNA directly from a total-RNA soil extract, without further purification or removal of soluble soil constituents. The detection sensitivity for G. chapellei 16S rRNA in soil extracts was at least 0.5 g of total RNA, representing approximately 7.5 ؋ 10 6
Nucleic acid microarrays, or DNA chips, represent the latest advance in molecular technology, providing unparalleled opportunities for multiplexed detection of nucleic acids. Originally designed for large-scale sequencing, clinical diagnostics, and genetic analyses (23, 29, 35, 37, 43) , microarrays likewise offer tremendous potential for microbial community analysis, pathogen detection, and process monitoring in both basic and applied environmental science. Common approaches for microarray fabrication and analyses include cDNA and oligonucleotide probes affixed on planar, channel glass, gel element, and microbead surfaces (3, 6, 10, 15, 16, 18, 21, 24) . Only recently, however, have microarray technologies been extended into the realm of environmental microbiology (11, 25, 38) .
The relatively slow development and application of microarray methods for environmental microbiology is limited (in part) by the expense of microarray printing and imaging equipment. Likewise, use of microarrays and gene detection methods (in general) in many environmental applications is limited by (i) the time and labor required for manual sample handling, nucleic acid purification, and associated volume reduction, (ii) inefficient purification or concentration of nucleic acids at low target concentrations, especially in environmental samples, and (iii) the coextraction of inhibitory compounds that interfere with subsequent molecular manipulations, especially PCR (41) . These considerations are especially relevant within the context of in-the-field or point-of-use applications, such as monitoring (in real time) microbial activity and community dynamics during engineered or intrinsic bioremediation (9) . Hence, continued reliance on PCR amplification represents a significant bottleneck for the routine application and deployment of microarrays in environmental microbiology and highlights the need to develop sensitive and specific direct nucleic acid detection methods for environmental samples.
The U.S. Department of Energy (DOE) has a 50-year legacy of environmental contamination resulting from the production of nuclear weapons. The Natural and Accelerated Bioremediation Research (NABIR) program is currently supporting fundamental research to extend bioremediation processes to the most common and recalcitrant contaminant mixtures (i.e., metals and radionuclides) in soils, sediments, and groundwater. One of the objectives within the NABIR program is to develop innovative methods for measuring biodegradation rates, biotransformation processes, and microbial community dynamics for the purposes of microbial community characterization, process monitoring, and defining bioremediation end points in the field. On a practical level, this detection objective includes the following requirements: (i) to detect many different microorganisms simultaneously, (ii) to utilize a bioanalytical detection method that is conducive to automation and/or field-deployment, (iii) to monitor RNA as a qualitative indicator of microbial activity, and (iv) to quantify RNA levels and/ or the extent of microbial activity. Microarrays represent one technology to meet these objectives. The purpose of this research was therefore to develop a microarray detection technique that is conducive to automated sample handling procedures (13) and direct detection of rRNA in environmental samples. Metal-and sulfate-reducing bacteria in the genera Geobacter and Desulfovibrio served as a model system, but the results and methods are generally applicable to the direct de-tection and characterization of 16S rRNA in other species and environments.
MATERIALS AND METHODS
Bacterial cultures. Anaerobic cultures of Geobacter chapellei and Desulfovibrio desulfuricans were acquired from the Subsurface Microbial Culture Collection (SMCC). G. chapellei was grown as described in detail elsewhere (13) . Culture conditions for D. desulfuricans are described on the SMCC website (http: //caddis.esr.pdx.edu/smccw/) and in reference 8. Briefly, cells (10% inoculum) were cultivated in 100 ml of Medium C (per liter, 7. 4 ; degassed with N 2 and filter sterilized) and 1 ml of reductant solution (per 50 ml, 0.5 g of sodium thioglycolate, 0.5 g of ascorbic acid; degassed with N 2 and filter sterilized). Complete medium was anaerobically inoculated (10%, vol/vol) with starter culture. Cultures were incubated on a shaker platform in the dark at 30°C for 4 days prior to nucleic acid extraction.
PCR amplification. Genomic DNA was purified from G. chapellei according to a standard cetyltrimethylammonium bromide (CTAB) procedure (4) and used as template for generating full-length 16S ribosomal DNA (rDNA) amplicons. We utilized a Qiagen (Valencia, Calif.) HotStar Polymerase kit, with each 50-l reaction mixture containing 1ϫ Qiagen buffer, 4 mM MgCl 2 , 200 M each deoxynucleoside triphosphate (Promega), 0.2 M each primer (Gbc-068F-bio [5Ј-biotin-CGCACGGGTGAGTAACGC] and Gbc-1472R-bio [5Ј-biotin-CCCA GTCACCGACCATTC]), 1.25 U of Qiagen HotStar Taq polymerase, and 5 ng of template DNA. PCR conditions included an initial denaturation at 95°C for 15 min, followed by 35 cycles of 94°C for 20 s, 50°C for 20 s, and 72°C for 150 s. Successful amplification was confirmed by analyzing PCR products on 1.2% agarose gels in 1ϫ TAE (40 mM Tris-acetate, 2 mM Na 2 EDTA) running buffer, both containing ethidium bromide (10 ng ml Ϫ1 ). Amplification products were hybridized directly to the microarray without further purification (see below).
RNA purification. Total RNA was extracted from bacterial cultures with an RNAwiz kit according to the manufacturer's instructions (Ambion Inc., Austin, Tex.). Briefly, 50 ml of cell culture was collected by centrifugation and resuspended in 1 ml of RNAwiz reagent. Resuspended cells were then transferred to 2-ml microcentrifuge tubes containing 0.5 g of sterile glass beads (diameter, 0.1 mm), lysed by a bead beater (BioSpec Products, Inc, Bartlesville, Okla.) at 5,000 oscillations per s for 5 min, and incubated for 5 min at room temperature. Disrupted cells were extracted with 200 l of chloroform for 10 min, and the phases were separated at 14,000 ϫ g for 15 min. The aqueous layer was removed and transferred to a fresh 2-ml tube, diluted with 500 l of diethyl pyrocarbonate (DEPC)-treated distilled H 2 O (dH 2 O), and precipitated with 1 ml of isopropanol for 10 min at room temperature. RNA was collected by centrifugation at 14,000 ϫ g for 15 min, the supernatant was discarded, and the pellet was dried under a vacuum for 15 to 20 min. The resulting RNA pellets were resuspended in 100 l of DEPC-dH 2 O and quantified by UV absorbance. The presence of 16S rRNA was confirmed by gel electrophoresis in 2% agarose and TAE running buffer.
RNA fragmentation. Total RNA was fragmented by standard procedures (4). Briefly, 4 l of fragmentation buffer (200 mM Tris, 500 mM potassium acetate, 150 mM magnesium acetate [pH 8.] ; made with DEPC-treated water and filter sterilized) and 6 g of total RNA were adjusted to a total volume of 20 l in microarray hybridization buffer. RNA was incubated for 30 min at 95°C, cooled on ice, amended with chaperone-detector probes (below), adjusted to a total volume of 105 l with hybridization buffer, and applied (35 l) directly to replicate microarrays.
Soil extracts. Environmental RNA extracts were prepared from a surface soil obtained from a wheat field in Whitman County, Wash. Sterile glass beads (0.5 g; 0.1 mm), 0.5 g of soil, 350 l of extraction buffer (50 mM sodium acetate, 5 mM Na 2 EDTA [pH 5.1]), 350 l of 10% sodium dodecyl sulfate, and 700 l of phenol-chloroform-isoamyl alcohol were combined in a 2-ml microcentrifuge tube and placed in a bead beater at 5,000 oscillations per s for 2 min. Samples were then incubated at 60°C for 10 min and extracted again for 2 min in the bead beater. Sediment, glass beads, and organic phases were separated by centrifugation, and the aqueous layer was precipitated with 0.25 volume equivalent of 10 M ammonia acetate and 0.7 volume equivalent of isopropanol. Tubes were incubated overnight at Ϫ20°C, and nucleic acids were collected by centrifugation at 14,000 ϫ g for 30 min. Microarray fabrication. An alignment of Geobacter and Desulfovibrio 16S rRNA sequences was generated from GenBank and Ribosomal Database Project (RDP) (30) entries and used to develop a set of capture and detector probes for this study (Table 1) . Probes were purchased from BioSource International (Camarillo, Calif.). Two regions of the Geobacter 16S rRNA sequence were investigated to test for regional effects on hybridization efficiency, hybridization specificity, and capture probe proximity to a detector probe.
Arrays were fabricated as described in detail elsewhere (12) . Briefly, 12-well Teflon-masked microscope slides (Erie Scientific, Portsmouth, N.H.) were hand washed with a mild cleanser, soaked in 3 N HCl for 30 min and in 3 N H 2 SO 4 for 30 min, and rinsed in distilled water. Washed slides were dried under compressed N 2 , coated with 2% (vol/vol, in methanol) epoxy silane (3-glycidoxypropyltrimethoxysilane [Aldrich, Milwaukee, Wis.]), rinsed in methanol, and dried under compressed N 2 . Probes were printed in triplicate at an 80 to 90 M concentration in 0.01% sodium dodecyl sulfate-50 mM NaOH (pH 12.7) using a Genetic Microsystems (now Affymetrix) 417 Arrayer, with the print pattern illustrated in Fig. 1 . A biotin-labeled quality control (QC) oligonucleotide (5Ј-biotin-TTGTG GTGGTGTGGT-3Ј) was also printed in duplicate and acted both as a positive control for the signal development procedure and as a positional reference mark for imaging. After printing, the slides were baked for 30 min in a 130°C vacuum oven and stored at room temperature.
Microarray hybridization and detection. Numerous hybridization conditions and buffers were evaluated for rRNA or rDNA binding to the oligonucleotide arrays. Successful (specific) rRNA hybridization to the microarray was achieved only under the hybridization conditions described here. Whole or fragmented RNA was hybridized onto glass microarray slides for 2 h or overnight at room temperature (22 Ϯ 2°C) or 4°C. Hybridization buffer consisted of 4ϫ SSPE and 2.5ϫ Denhardt's solution, with or without 30% formamide.
Intact RNA (from isolates or amended soil extracts) was heat denatured in hybridization buffer (with or without chaperone and/or detector probes at a final concentration of 140 nM) for 5 min at 95°C and snap cooled on ice. For most experiments, 2 g of total RNA (intact or fragmented) was hybridized on duplicate arrays (35 l per array). Hybridization proceeded for 2 h or overnight, the hybridization solution was aspirated off each array, and the slides were rinsed in 4ϫ SSPE and vacuum dried. Variations on this basic protocol included buffers containing from 6 to 0.5ϫ SSPE (total sodium concentrations, approximately 970 to 80 mM) and target concentrations ranging from 6 to 0.5 g of total RNA (in clean buffer and amended soil extracts) to test for ionic-strength effects on hybridization sensitivity and specificity.
After drying, each well was incubated for 60 min at room temperature or 4°C in 35 l of AMDEX streptavidin-alkaline phosphatase (SA-AP; AmershamPharmacia, Piscataway, N.J.) diluted 1:500 in hybridization buffer. The SA-AP was vacuum aspirated from the wells, the slides were rinsed in 1ϫ ELF wash buffer (ELF-97 mRNA in situ hybridization kit; Molecular Probes, Eugene, Oreg.), and 20 l of ELF-97 substrate was incubated on the slides for 60 min (1:100 in ELF developing buffer C). Alkaline phosphatase cleaves ELF-97 substrate to produce an insoluble, fluorescent crystal that remains affixed to the slide at the spot of hybridization. The soluble substrate solution was then aspirated from the slides, and the slides were washed in a solution of 50 mM NaCl, 0.1% Tween 20, and 10 mM Tris (pH 8) (ELF-97 Final Wash), followed by two rinses in dH 2 O. After drying, slides were imaged with a Fluor-S MultiImager (Bio-Rad, Hercules, Calif.) using the trans ethidium bromide illumination setting (290-to 365-nm-excitation, 520-nm-emission filter). The imager was equipped with a 28-to 200-mm DL Hyperzoom macro lens (Sigma, Rödermark, Germany) that was fitted with a ϩ1 close-up lens. Images were exported as tagged-image format files, and the arrays were quantified according to relative optical density (OD) units with Phoretix array software (version 1.00; Phoretix International, Newcastle, United Kingdom). Once dry, ELF-97 crystals appeared to be stable and suitable for long-term storage and reimaging. For statistical purposes, each spot (three replicate spots per array) was considered an independent replicate. Average ODs (Ϯ standard errors) were then calculated from at least six replicate spots (two arrays) using Systat (version 9; SPSS Inc., Chicago, Ill.) software.
RESULTS
RNA labeling format and strategy. Several methods for the introduction and format of the detection label (biotin) were tested for direct 16S rRNA detection, as diagrammed in Fig. 2 . Either multiple biotin labels were introduced along the RNA strand with a psoralen-biotin labeling chemistry ( Fig. 2A and  C) or single biotin detection labels were introduced as part of an auxiliary detector probe (Fig. 2B and D) . For clarity, the proximal chaperone probes diagrammed in Fig. 2 are equivalent to "stacking" probes (32) . However, we borrow the term Chemical labeling methods and distal detector probes were ineffective regardless of hybridization temperature, time, or buffer compositions (data not shown). Biotinylated RNA (labeled in multiple positions with the psoralen-biotin labeling chemistry) coupled with a chaperone probe (Fig. 2C ) did generate a positive hybridization signal on the array, but the hybridization specificity was poor and the resulting signal was weak (data not shown). By using a chaperone-detector probe with unlabeled RNA (Fig. 2D) , however, we were able to achieve relatively sensitive absolute detection and limited cross-hybridization with nonspecific capture probes. The chaperone-detector method was therefore used to refine microarray hybridization conditions for sensitive and specific 16S rRNA analysis.
Proximity of chaperone-detector probes. The proximity of the chaperone-detector probe to the capture probe was important for achieving positive hybridization to the microarray, as shown in Fig. 3 . A signal was detected with the Gbc-420 capture probe and a nonproximal Gbc-214 detector probe which was not significantly (P ϭ 0.150) different from the signal obtained with a proximal chaperone-detector. Further, the converse hybridization was ineffective (a Gbc-214 capture probe and a Gbc-420 detector probe). Importantly, hybridization and detection of a full-length (1,400-bp), biotinylated G. chapellei 16S rDNA PCR product did not require a chaperone (Fig. 4) . Consequently, the proximal chaperone-detector probe strategy was used for the rest of this study, as described in Materials and Methods. Denhardt's solution-30% formamide buffer at room temperature to the microarray targeting positions 214 and 420 (Fig. 1 ). Detector probes located at different positions with respect to the capture oligonucleotide were hybridized simultaneously with the target RNA and microarray slide. Positive hybridization was detected with the Molecular Probes chemiluminescent substrate ELF-97and a Bio-Rad Fluor-S imager. Relative light units (OD Ϯ standard error) were measured with Phoretix software. Results indicate that the chaperonedetector probe should bind immediately adjacent to the capture oligonucleotide, as shown in Fig. 2D .
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Factors affecting detection sensitivity. Proximal chaperonedetector probes were designed to bind within 1 to 3 bases of the capture probe region (Table 1 and Fig. 1B) . Capture probes were designed for species specificity, whereas chaperone-detector probes were designed to be (at least) genus specific. Every chaperone-detector probe listed in Table 1 was tested for cross-hybridization with nontarget RNA species, and no cross-reactivity was observed (data not shown). Likewise, the chaperone-detector probes alone did not hybridize to the microarray probes, and this was continuously verified by including a chaperone-only control for every hybridization experiment.
A five-dimensional experimental matrix consisting of hybridization time, temperature, formamide content, RNA fragmentation, and RNA source was tested to optimize 16S rRNA detection sensitivity. Results from these experiments are summarized in Fig. 5 . In general, fragmented RNA produced a stronger signal than intact RNA, and fragmented RNA produced sufficient signal with a 2-h hybridization. Intact RNA required overnight hybridization to maximize signal intensity. The presence of 30% formamide in the hybridization buffer had the most profound effect on signal intensity for fragmented RNA hybridized for 2 h. An interesting and counterintuitive result from these experiments was that intact 16S rRNA was rarely (and only inconsistently) detected in a total-RNA background at hybridization temperatures above ambient temperatures (data not shown), even with the proximal chaperone-detector strategy employed here. Qualitatively, the best condition for 16S rRNA detection was fragmented RNA hybridized for 2 h at room temperature in a buffer containing 30% formamide. The best condition for intact RNA was identical except that the optimal hybridization time was overnight.
Factors affecting hybridization specificity. Hybridization signal intensity does not necessarily correlate with hybridization specificity. To examine the effects of buffer composition on hybridization specificity, additional buffer compositions were investigated. Fragmented or intact total RNAs from G. chapellei and D. desulfuricans were hybridized for 2 h or overnight (respectively) in 6, 4, 2, 1, or 0.5ϫ SSPE containing 2.5ϫ Denhardt's solution and 30% formamide. Both chaperones were tested individually with each RNA target to ensure that the 12 copies of 16S rRNA) or 10 12 copies of a full-length G. chapellei rDNA PCR product (1,400 bp) were hybridized to a microarray overnight at room temperature (4ϫ SSPE, 2.5ϫ Denhardt's solution, 30% formamide), with or without a proximal chaperone (targeting the 214 region). In the absence of a chaperone, no rRNA was detected, as described in the text. The increased signal for the amplicon-plus-chaperone hybridizations is most likely due to the additive effect of two biotin labels; one on the PCR amplicon and one on the proximal chaperone. Reducing the hybridization stringency by increasing the SSPE concentration to 6ϫ did not improve signal strength under any circumstance but instead increased the incidence of nonspecific hybridization for both intact and fragmented RNA (data not shown). Intact RNA hybridized for 2 h at room temperature produced weak but specific G. chapellei and D. desulfuricans signals in the 4ϫ SSPE buffer (see Fig. 5 ), and hybridization signals were both strong and specific for both RNA targets at 1ϫ SSPE. Fragmented RNA hybridized for 2 h at room temperature produced equivalent signals in 6, 4, and 2ϫ SSPE, with a near-total loss of signal in 1ϫ SSPE hybridization buffer.
The most significant factor affecting hybridization specificity in these experiments was the presence or absence of 30% formamide in the hybridization buffer. Even though formamide did not (generally) improve signal intensity (Fig. 5) , it was critical for species-specific hybridization and detection (Fig. 6) . By utilizing 30% formamide in the hybridization buffer, species-specific hybridization was achieved even with intact rRNA (1,500 bases). Similar results were obtained for D. desulfuricans targets.
Direct rRNA detection in amended soil extracts. Successful hybridization and species-specific detection of intact rRNA (from a pool of total RNA) led us to investigate whether it was possible to directly detect rRNA in an unpurified soil extract with the microarray. Unpurified soil extracts and "clean" hybridization buffers were first seeded with decreasing amounts of G. chapellei or D. desulfuricans total RNA and then hybridized overnight at room temperature. For both RNA targets, the hybridization signal intensity was significantly reduced when a soil extract was present in the hybridization solution (P Ͻ 0.05) (Fig. 7) . The array did not cross-hybridize to indigenous RNA in the soil extract (Fig. 7, 0 g ). The signal intensity from the biotinylated QC probe was unaffected by the presence of a soil extract, indicating that the soil extract was affecting RNA hybridization efficiency rather than enzymatic/ fluorescent signal generation and subsequent image analysis. However, the signal intensity of the QC probes did vary from array to array and from day to day, illustrating the inherent variability in the analytical process (microarray fabrication, hybridization, detection). Regardless, adequate signal was produced with 0.5 g of total RNA, representing approximately 7.5 ϫ 10 6 cell equivalents of each species. For simple presenceor-absence determinations, detection of intact rRNA was as effective in a soil extract as it was in a clean hybridization buffer over the target concentration range reported here.
DISCUSSION
Avoiding PCR. Notwithstanding the obvious power and utility of PCR, fundamental uncertainties and errors associated with PCR (7, 17, 19, 20, 33, 36, 39, 40, 42 ) have significant and mainly negative implications for analysis of, and interpretation of data from, in situ microbial communities and environmental samples. Known biases and inhibitors are likely compounded with additional enzymatic manipulations, such as reverse transcription of RNA into cDNA prior to PCR amplification. The limitations of PCR (and reverse transcription-PCR) in an environmental context therefore extend to any detection method following target amplification, regardless of the sensitivity, specificity, or multiplexed detection capability of the sensor element. By extension, the full power and utility of microarrays FIG. 6 . Optimizing 16S rRNA detection specificity. RNA was hybridized either in buffer that did not contain formamide (left) or in buffer containing 30% formamide (right), as described in the text. Fragmented total RNA was hybridized for 2 h at room temperature in the presence of the G. chapellei 214 chaperone-detector probe (top). Intact total RNA was hybridized overnight at room temperature (bottom).
to accurately and quantitatively ascribe phenotype and function to in situ microorganisms will therefore be realized only by developing techniques for the direct detection of nucleic acids from environmental samples. In this study, we focused on the detection of 16S rRNA from sulfate-and metal-reducing bacteria of specific interest to the bioremediation community, but the results and methods are generally applicable to other microorganisms and environments where 16S rRNA is a principal diagnostic target.
RNA labeling format and hybridization strategy. The most common method for introducing a microarray detection label includes PCR or reverse transcription-PCR amplification of a target sequence with a labeled primer (e.g., biotin or a fluorescent dye). Reliance on PCR in this context is also a limitation for the development of field-deployable, near-real-time assessment or monitoring technologies, because it implies hardware and analytical processing technologies that are significant developmental challenges in their own right. Direct chemical labeling methods are available, including commercially available kits (e.g., those from Roche Molecular Biochemicals, Indianapolis, Ind.) and methods developed by individual investigators (see, e.g., references 5 and 25). Such methods are generally conducive to automation in fluidic systems that we have developed and utilized to purify nucleic acids directly from soil extracts (13) , and they avoid the added complications of enzymes in this context (e.g., instability, shelf-life, nonspecific adsorption to tubing and fluid channels). In our hands, however, chemical labeling (without prior RNA fragmentation) was highly inconsistent for generating a specific 16S rRNA hybridization signal, regardless of the hybridization buffer. These (negative) results may be a function of the particular combination of methods employed here (i.e., planar glass surfaces; 16S rRNA targets; labeling and/or hybridization buffers and conditions), but they led us to explore alternative labeling and detection strategies that are also appropriate for unattended, field-deployable detection systems.
The proximal chaperone (or "stacking") probe concept for nucleic acid hybridization and detection has been employed for other microarray experiments, especially those targeting the detection of single-nucleotide polymorphisms in PCR-amplified targets (6, 22, 27, 31, 32, 34 ; Eggers et al., 27th Int. Conf. Env. Syst.). One of the most striking results from this study, however, was the finding that 16S rDNA PCR amplicons did not require a chaperone or stacking probe for specific and sensitive detection (see, e.g., Fig. 4 ), whereas we were unable to achieve direct 16S rRNA hybridization and detection in the absence of a proximal chaperone probe. We postulate that the differential success of chaperone versus nonchaperone hybridization strategies is due to the increased stability of RNA-RNA duplexes and 16S rRNA secondary structure (steric hindrance) relative to DNA-DNA duplexes (rDNA secondary structure and steric hindrance) under the hybridization conditions used here.
It could be argued that the 420 capture probe-214 detector probe result in Fig. 3 (and Fig. 6 ) negates the secondar-structure hypothesis. Inspection of the 16S rRNA secondary structure in these regions, however, actually lends support to this hypothesis. The 420 region contains a relatively large stemloop and bulge, whereas the 214 region does not (Fig. 1B) . We postulate that the 214 chaperone, heat denatured with target rRNA prior to hybridization on the array, sufficiently destabilizes the 420 capture site to achieve some level of hybridization to the 420 capture probe, whereas the 420 chaperone does not sufficiently disrupt the stem of the 214 region to effect hybridization to the 214 capture probe. Notably, the other chaperone-detector probes did not exert a destabilizing effect on the 420 capture region. Thus, the 214 chaperone may have had a destabilizing effect on the tertiary structure, rather than the secondary structure, of the rRNA target. We therefore use the term "chaperone" probe (Eggers et al., 27th Int. Conf. Env. Syst.) instead of "stacking" or "auxiliary" probe in this specific case, denoting the functional attribute of a chaperone (steric relief and prevention of intramolecular secondary structure) above and beyond that of a stacking probe (increasing duplex stability).
We normally expect that altering hybridization stringency, either through temperature or ionic strength, will be sufficient to mitigate steric effects and achieve specific and sensitive hybridization. Our results run counter to this expectation. Of particular interest was our inability to consistently detect 16S rRNA at hybridization temperatures above ambient temperatures (even in the absence of formamide), even though we have successfully hybridized and captured Geobacter rRNA in solution phase experiments at temperatures ranging from 55 to 65°C (14) . Functional genes and DNA targets are also routinely hybridized and detected on microarrays at elevated temperatures, including oligonucleotide microarrays fabricated according to the protocols used here (11) . The reason for these results is not entirely clear, although our methods are consistent with those of Guschin et al., who also routinely perform hybridizations of fragmented rRNA to oligonucleotide microarrays at 4°C (25) .
We originally expected that increased hybridization temperatures and/or lower salt concentrations would improve mismatch discrimination on the array, but neither variable improved microarray specificity or sensitivity for direct 16S rRNA detection. Rather, formamide was required to achieve species specificity (Fig. 6 ), even though it had relatively little effect on detection sensitivity (Fig. 5 ) regardless of the hybridization buffer, time, or temperature. This result is consistent with the stability of RNA-DNA duplexes and the secondary-structure hypothesis (see above).
The absolute detection limit of the microarray system described here was at least 0.5 g of total RNA (Fig. 7) , representing approximately 7.5 ϫ 10 6 cell equivalents of RNA or 10 9 to 10 10 copies of 16S rRNA in the hybridization solution (target concentration, Ϸ50 to 500 pM). These detection limits were achieved even in an unpurified soil extract and are similar to those for microarray systems used to detect PCR amplicons. Because we used a relatively insensitive, nonproximal chargecoupled device detector (approximately 50 cm between the lens and microarray slide), we expect an improvement of at least 1 order of magnitude in detection sensitivity by imaging the microarray slides with a dedicated microarray scanner.
Equally important was the performance of the SA-AP ELF detection system in the amended soil experiments (Fig. 7) . That is, microarray results can be compromised though interferences at the point of nucleic acid hybridization (Fig. 7) (1, 41) or detection. In fact, soluble substances frequently interfere with standard fluors, such as those used for in situ hybridization, TaqMan PCR, and microarrays (2) . Thus, portable systems developed for microbial identification in environmental samples (5) must account for the effects of soluble substances both on hybridization efficiency and on reporter detection. Overcoming autofluorescence or fluorescence quenching at the point of detection places additional demands on the sample preparation process, manipulations that may or may not be conducive to field-deployable devices or systems. Our results represent the first report of direct microarray detection of nucleic acids from a nonaqueous environmental sample and provide a mechanism by which to greatly simplify the analytical process for biodetection in the field. They also illustrate the potential for using microarrays to directly investigate microbial community dynamics and metabolic activity in soils and sediments, without PCR.
